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   摘要 
滨海地区具有海、陆属性动态而复杂的自然环境，这赋予滨海绿化以特殊性，
需同时考虑海洋环境和大陆环境对植物的影响，而滨海绿化面临的主要难题正是
来自空气和土壤中的盐分对植物造成的伤害。目前国内外有关盐雾的研究集中于
植物受盐雾胁迫的生理机制、耐盐雾植物资源的筛选等，而研究盐雾时空分布特
征，并结合绿化工程案例探讨绿化植物的受盐雾危害情况和预防盐雾措施的较少。 
本文以植物遭受盐雾危害严重的福建省古雷半岛为例，于 2016 年 5 月～
2017 年 3 月分春、夏、秋、冬四个季节对盐雾沉降、环境因子和绿化植物长势进
行跟踪调查。在离海岸线不同距离处设置盐雾沉降缸和小型风速仪，并结合本地
区的降雨量、相对湿度、风速风向等气象资料，对野外环境中盐雾沉降的时空分
布特征和影响盐雾沉降量的主要环境因子进行研究。此外选择 10 种绿化植物，
乔木：黄槿(Hibiscus tiliaceus)、银海枣(Phoenix sylvestris)、高山榕(Ficus altissima)、
糖胶树(Alstonia scholaris)、象牙红(Erythrina × sykesii)、菩提(Ficus religiosa)；灌
木：扶桑(Hibiscus rosa-sinensis)、灰莉(Fagraea ceilanica)、假连翘(Duranta erecta)
和草本长春花(Catharanthus roseus)，通过叶片生理指标——最大光化学效率
(Fv/Fm)和形态指标——叶片焦枯脱落比，研究离海岸线距离、季节和有无防护
林保护等因素对绿化植物生长的影响。旨在确定滨海绿化失败的关键胁迫因子，
并针对南方沙质海岸重盐雾区绿化获得国内第一套环境因子数据，为滨海绿化提
供参考。主要结果如下： 
1. 古雷绿化植物存在明显的盐害症状，且表现出典型的季节差异。在秋冬季
绿化植物叶尖、叶缘焦枯甚至叶片黄化脱落，迎风面植物常出现旗形树冠。 
2. 土壤盐胁迫不是古雷绿化植物生长不良的原因。该区土壤平均含盐量为
0.3‰，远低于 1‰，pH 在 7.1～8.4 之间，为非盐碱土。 
3. 离海岸线 100 m 处的年均盐雾沉降量为 98.4 mg/(m2·d)，远超出东南沿海
33.1 mg/(m2·d)的平均水平，故古雷为强盐雾区。 
4. 研究离海岸线距离、季节、风速、风向、有无防护林保护和高度对盐雾沉
降量的影响发现：除春季外，盐雾沉降量随离海岸线距离的增加而显著降低(P＜
0.05)，且冬季盐雾沉降量在 500 m 内急速沉降，1000 m 以外的盐雾沉降量变化
较小。从离海岸线 100 m 到 1700 m 处，盐雾沉降量年均降低 47.14%。盐雾干沉
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降量随季节的变化规律为：夏季＜春季＜秋季＜冬季。盐雾干沉降量随东北风向
频率和平均风速的增大而增大，它们随季节的变化规律一致，且均在冬季达到最
大。东北风向频率：春季＜夏季＜秋季＜冬季，冬季高达 81.20%；平均风速：夏
季＜春季＜秋季＜冬季。靠海一侧的防护林可明显降低盐雾沉降量，且冬季降低
率为 49.54%，存在显著性差异(P＜0.05)。高度对盐雾沉降的影响差异不显著(P＞
0.05)。通过主成分分析法和冗余分析得出对盐雾沉降量影响最大的环境因子依次
为：离海岸线距离、平均风速和东北风向频率。 
5. 植物长势随离海岸线距离的增大而逐渐变好。随季节的变化规律为：夏季
＞春季＞秋季＞冬季。 
6. 植物长势随盐雾沉降量的升高而变差。除糖胶树外，各植物叶片的焦枯脱
落比与盐雾沉降量都存在显著的正相关关系(r＝0.85～0.99, n＝5, P＜0.05)。黄槿
叶片的 Fv/Fm值随盐雾沉降量的升高而降低，但仅冬季存在显著性差异(P＜0.05)。 
7. 古雷绿化植物生长不良的关键环境因子是盐雾，植物长势与盐雾沉降量
密切相关。 
8. 防护林的存在可大大降低盐雾对滨海绿化植物的危害，这种作用在秋冬
季更明显。冬季防护林对乔木树种的焦枯落叶比降低率为 40.0%～85.0%，对灌
木和草本的降低率为 8.0%～35.7%，说明防护林可使各植物长势变好，且对比灌
木和草本，对乔木的提升作用更明显。秋冬季有防护林保护的黄槿、菩提和高山
榕叶片的 Fv/Fm 值显著高于无防护林路段(P＜0.05)。 
9. 综合各植物的盐雾危害程度、与海岸线的距离和盐雾沉降量，10 种绿化
植物的耐盐雾能力为，乔木类：黄槿＞高山榕＞银海枣＞象牙红＞菩提＞糖胶树；
灌木和草本：灰莉＞扶桑＞假连翘＞长春花。 
本研究表明古雷是强盐雾区，盐雾是导致当地绿化植物生长不良的最重要环
境因子。此类滨海地区的绿化必须考虑盐雾因素，需要从耐盐雾树种的筛选与利
用、木麻黄防护林的构建、建筑物及微地形的利用、风障的使用、特殊的种植和
养护措施等角度综合研发强盐雾区滨海绿化技术体系。 
 
关键词：滨海绿化；耐盐雾植物；盐雾沉降；时空分布 
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Abstract 
Coastal areas with sea and land properties are dynamic and complex natural 
environments, which make the coastal greening more specific. It needs to take into 
account the impact of marine environment and the continental environment on plants, 
and the main problem faced by coastal greening is from the air and soil salt damage to 
plants. At present, the studies on salt spray worldwide are focused on the physiological 
mechanism of salt spray stress, and the screening of salt-tolerant plant resources. 
However, few studies focus on the spatiotemporal distribution of salt spray deposition 
as well as exploration of salt spray hazard to plants and counter measures through 
practical greening projects. 
This study takes the coastal zone at Gulei Peninsula, Fujian, where the plants suffer 
from salt spray seriously, as the example. A tracking survey was conducted between 
May 2016 and March 2017 through four seasons to monitor salt spray deposition, 
environmental factors and growth of greening plants. The temporal and spacial 
distribution of salt spray deposition and the influence of salt spray deposition on the 
plants in the field were analyzed by combining the meteorological data such as rainfall, 
relative humidity and wind speed in the area. The main environmental factors were 
studied through installations of salt spray deposition cylinders and small anemometers 
at different distances from the coastline. In addition, a total 10 species including 
Hibiscus tiliaceus, Phoenix sylvestris, Ficus altissima, Alstonia scholaris, Erythrina × 
sykesii, Ficus religiosa, Hibiscus rosa-sinensis, Fagraea ceilanica, Duranta erecta and 
Catharanthus roseus, were selected to study the impacts of different coastline distances, 
seasons and the protection of forests and other factors on the growth of greening plants 
through measuring maximum photochemical efficiency (Fv/Fm) and withered and 
falling leaves ratio. 
The aim of this study was to determine the key factors for the coastal greening, 
obtain the first set of environmental database for the greening with heavy salt spray in 
the southern sandy coast, and provide reference for coastal greening. The main results 
were as follows: 
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1. Obvious salt damage symptoms were observed in greening plants of Gulei, and 
varied with season. In autumn and winter, salt damage symptoms of greening plants 
were appeared in forms of leaves tips and margins withered or even etiolated leaves 
dropping, windward plants often appeared flag-shaped crown. 
2. Soil salt stress was not the cause of poor growth of greening plants. The average 
salt content of soil in this area was 0.3‰, far below 1‰, and the pH was range from 
7.1 to 8.4. It concluded that the soil at Gulei was not the saline-alkali soil. 
3. The average annual salt spray deposition at distance of 100 m from the coastline 
was 98.4 mg/(m2·d), far higher than the average of 33.1 mg/(m2·d) in the southeastern 
coastal area, indicating that Gulei was a strong salt spray area. 
4. The results of study on the influence of the distance from the coastline, the season, 
the wind speed, the wind direction, the protection of the shelterbelt and the height on 
the salt spray deposition showed that the deposition of salt spray deposition was 
significantly decreased with the increase of the distance from the coastline (P＜0.05). 
From the coastline 100 m to 1700 m, salt spray deposition decreased by an average of 
47.14%. The rule of salt spray deposition changed varies with the seasons was: summer
＜spring＜autumn＜winter. The dry deposition of salt spray increased with the increase 
of northeast wind frequency and average wind speed, and they coincided with the 
seasonal variation and reached the maximum in winter. The variation rule of northeast 
wind frequency was: spring＜summer＜autumn＜winter, and reached up to 81.2% in 
winter. The variation rule of average wind speed was: summer＜spring＜autumn＜
winter. The shelterbelt on the side of the sea can significantly reduce the amount of salt 
spray deposition, and the reduction rate was 49.54% in winter (P＜0.05). There was no 
significant difference in the effect of height on salt spray deposition (P＞0.05). Through 
the analysis on principal components and redundancy analysis, the environmental 
factors which had the great influence on salt spray deposition were: distance from 
coastline, average wind speed and northeast wind direction frequency. 
5. Plant growth state was gradually improved as the distance from the coastline 
increased. The seasonal variation rule was: summer＞spring＞autumn＞winter. 
6. Plant growth state became poor with salt spray deposition increased. Except 
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Alstonia scholaris, there were significant correlations with the salt spray deposition and 
the plant growth state (r＝0.85～0.99, n＝5, P＜0.05). The Fv/Fm values of Hibiscus 
chinensis leaves decreased with the increase of salt spray deposition, but there was 
significant difference only in winter (P＜0.05). 
7. The key environmental factor of the poor growth of green plants at Gulei was salt 
spray deposition, and the plant growth state was closely related to salt spray deposition. 
8. The presence of shelterbelt can greatly reduce the harm of salt spray to coastal 
greening plants, which was more obvious in autumn and winter. In winter, under the 
protection of shelterbelts, the reduction rate of withered and falling leaves of trees was 
40.0%～85.0% and the reduction rate of shrubs and herbs was 8.0%～35.7%, which 
indicated that the shelterbelts could make the plants grow well. Comparing trees with 
shrubs and herbs, the role of the promotion was more obvious to trees. The Fv/Fm 
values of Hibiscus tiliaceus, Ficus religiosa and Ficus altissima were significantly 
higher than those in unprotected forest road (P＜0.05). 
9. Synthesized the degree of salt spray hazard, the distance from the coastline and 
the amount of salt spray deposition, the salt-tolerant ability of 10 species were as 
follows, trees: Hibiscus tiliaceus＞Ficus altissima＞Phoenix sylvestris＞Erythrina × 
sykesii＞Ficus religiosa＞Alstonia scholaris, shrubs and herbs: Fagraea ceilanica＞
Hibiscus rosa-sinensis＞Duranta erecta＞Catharanthus roseus. 
This study shows that Gulei is a strong salt spray area. The salt spray deposition is 
the main environmental factor that leads to the poor growth of local greening plants. 
The salt spray must be taken into account during greening in these coastal areas. Hence 
there is a need of screening and utilization of salt-tolerant plants, the construction of 
forests, the use of buildings, micro-landform, wind barriers, special planting and 
conservation measures to integrately research and develop coastal greening technology 
system in strong salt spray areas. 
 
Key Words: Coastal greening; Salt spray tolerance plant; Salt spray deposition; 
Temporal and spatial distribution. 
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第一章 前言 
1.1 滨海绿化的必要性 
中国大陆海岸线1.8万公里，岛屿海岸线1.4万公里，地跨热带、亚热带、温
带三大气候带，是世界上海岸线最长的国家之一(范晓婷, 2008)。20世纪以来，世
界沿海国家经济重心向滨海地区转移，全球已有超过一半的人口居住在离海岸线
100公里的范围内，海岸带经济发展迅速、区位重要性日益突出，已成为人类活
动最活跃、最集中的区域(Primavera, 2006; 骆永明, 2016; 毋亭和侯西勇, 2016)。
21世纪以来，在国家“一带一路”的号召下，沿海经济带被纳入国家发展战略，各
地滨海地区的建设都以“生态、环保、可持续”为发展目标(李金彪, 2014)。而滨海
绿化是滨海城市发展的需要和重要内容(包晋卓等, 2015)。由于海岸线是海陆交
接线(Boak & Turner, 2005)，来自陆海双方的力量共同塑造着海岸地区的自然环
境，具有独特而复杂的自然体系。海岸带生态环境由于人类经济活动的快速发展
和气候变化的双重影响，面临空前压力，使海岸带成为我国乃至全球三大生态环
境脆弱带之一(骆永明, 2016)。这意味着海岸带资源是极其宝贵的，滨海地区绿化
也因此具有举足轻重的地位。滨海环境赋予滨海绿化以特殊性和复杂性，需要同
时考虑海洋和陆地对植物的共同影响，这使其成为城市环境建设的难点，滨海绿
化技术研究也成为当前生态环境建设等领域的重要研究热点。 
1.2 滨海绿化现状——国内外研究进展 
滨海绿化存在的难点主要是来自土壤和空气中的盐分对植物造成的生理胁
迫，通过离子胁迫、渗透胁迫、营养亏缺、氧化胁迫、呼吸受阻、光合作用下降
等过程使植物的生物量、干重、株高降低，严重时导致植物死亡(Zhu, 2002; Parida 
& Das, 2005; 廖岩等, 2007)。植物耐盐性的研究多关注在土壤盐分和盐水灌溉对
植物的影响上(Hunter & Wu, 2005; 张华新等, 2008; Spanò & Bottega, 2016)，关于
植物受土壤盐害的形态及耐盐生理机制的研究已经比较充分，耐盐植物的筛选与
评价体系也日益完善(Kong et al., 2011; Canalejo et al., 2014; 杨升等, 2013; 刘玉
娟等, 2015; 赵颖等, 2016)。但很少有研究关于植物对盐雾胁迫的响应(Griffiths, 
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2006a; De Vos et al., 2010; Spanò & Bottega, 2016)。事实上相比土壤盐害，盐雾胁
迫对植物生长的伤害更大，植物对之也更敏感，盐雾是滨海地区植物生长受抑制
的最主要因素之一(Benes et al., 1996; Scheiber et al., 2008; De Vos et al., 2011; 
Spanò & Bottega, 2016)。国外已有一些研究认为盐雾是影响滨海植物生长的主要
制约因子，而国内仍普遍认为土壤盐害是滨海绿化植物生长不良的原因，且现有
的盐雾研究也均集中于室内模拟实验(陈顺伟等, 2001; 卞阿娜等, 2015; 袁信昌
等, 2015; 赵颖等, 2016)，不能真实反映野外环境下的盐雾环境以及植物的受胁
迫状况。 
关于盐雾对植物作用的最早研究是盐雾环境中各环境因子如相对湿度、温度
等对植物叶片吸收氯离子的影响(Simini & Leone, 1982)。后来则有关于植物对盐
雾胁迫的生理响应实验以及研究盐雾如何影响植物的形态特征、野外分布和群落
结构的室外实验(Griffiths & Orians, 2003; Ogura & Yura, 2008; Sánchez-Vilas & 
Retuerto, 2012; Lin & Li, 2017)。陈顺伟等(2001)对杜英(Elaeocarpus decipiens)等
11个树种进行盐雾胁迫处理，对其形态及生理特性进行研究，得出同种植物中不
同组织和7个树种间的耐盐雾性强弱顺序。林鸣等(2006)以野外环境下位于浪花
飞溅区的高山榕(Ficus religiosa)为材料，研究迎风面和背风面不同叶龄叶片的症
状差异发生的盐害机理，初探盐分在叶片上的微区分布。袁信昌等(2015)研究发
现菌根菌肥的灌根栽培在一定程度上可缓解盐雾胁迫对滨柃叶片造成的形态受
害症状。 
多种实验证明随向内陆延伸，盐雾沉降量会出现大幅度的梯度下降(Edwards 
& Claxton, 1964; Randall, 1970; Malloch, 1972; Cartica & Quinn, 1980)，在巴西的
纳塔尔海滩和新英格兰地区，学者都有发现影响滨海植物分布的主要因素并不是
土壤中的盐分或土壤含水量，而是空气中的盐雾沉降量，它是决定植物在海岸带
分布的重要因素(Donnelly & Pammenter, 1983; Griffiths, 2006b)。植物在海岸沙丘
的分布位置取决于叶片上盐雾沉降量的大小(Lubke & Avis, 1982)。美国学者通过
野外实验和室内实验的结合建立起了植物在滨海环境的分布位置和用人工盐雾
梯度处理时表现出的耐性之间的联系(Cartica & Quinn, 1980)。日本学者曾对日本
常见陆生植物北美一枝黄花(Solidago altissima)进行野外实验，发现从海岸方向间
歇性吹来的密集盐雾是制约植物在海滨生长最重要的环境因子(Yura, 1997)，后
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